In the scrape-off layer of magnetically confined fusion devices the ion temperature is at least as high as the electron temperature and usually even much higher. Finite ion temperatures effects for example enhance the blob drive and modify the vorticity. Recently developed scaling laws for blob velocity in dependence of its size, based on the full drift-interchange-Alfvén fluid equations are compared with recent experiments on the ASDEX Upgrade tokamak and gyrofluid simulations, showing remarkable agreement for the blob sizes and reasonable agreement for the blob velocities.
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I. INTRODUCTION
One of the critical issues of magnetically confined fusion devices is the exhaust of particles and heat without seriously damaging the vessel walls of the device. The transport in the region of open field lines beyond the confined region, called scape-off layer (SOL), is dominated by filamentary structures also called blobs, which are elongated along the magnetic field lines and localized in the drift plane perpendicular to them. Blob motion has been and is extensively studied in fusion devices. However, most of the blob theories and simulations invoke cold ion models, which are realistic for most basic plasma physics experiments [1] [2] [3] [4] [5] . Here, theory and experiments of plasma blobs seem to converge [6] . But the cold ion case is not realistic for the tokamak scrape-off layer, where typically the ion temperature T i exceeds that of the electrons T e [7] [8] [9] [10] . In the divertor it can be assumed that ion and electron temperature are thermally coupled resulting in τ i = T i /T e ≈ 1 in agreement with the experiments at least in the near SOL [9] . Upstream the divertor in the case of a sheath connected plasma the parallel heat transport is dominated by conduction the ion to electron temperature ratio can be roughly estimated by τ i ∼ (κ e /κ D ) 2/7 ∼ 3 [11] in agreement with the experiments [7] [8] [9] . Here κ e,D is the Spitzer heat conduction coefficient for electron and ion, respectively. Towards the wall, in the far SOL, the perpendicular transport by blobs becomes more important reducing the parallel transport by heat conduction and therefore modifying τ i . In the far SOL 6 ≤ τ i ≤ 12 is observed [10] . Therefore, the relevance of warm ions for the blob dynamics increases with the relevance of the blobs themselves. However, the SOL physics in the warm ion case relevant for fusion experiments is not yet understood and investigations are still rare [12] [13] [14] [15] .
II. INERTIAL AND SHEATH LIMITED REGIMES

A. Analytical theory
By magnitude estimates based on the DALF model [16, 17] which describes drift-Alfvén turbulence in toroidal geometry and therefore also considers interchange and MHD instabilities, the blob velocity can be estimated analytically in dependence of its size. The scaling laws have been derived from the evolution of the polarization equation, which in the sheath limited regime reads as [18] 
whereφ andp e are the plasma potential and electron pressure perturbations, normalized to the background electron temperature to elementary charge ratio T e /e and background pressure, respectively. The mean profile scale length is L ⊥ , the parallel connection length is L and R is the curvature radius. The blob speed will be given in the sound speed c s = T e /m i , with ion mass m i , and the blob size will be given in ρ s = T e m i /eB, with magnetic field strength B. The term on the left hand side of (1) is the divergence of the polarization current and gives the evolution of the ion stream function or potential vorticity ∇ 2 ⊥ (φ + τ ipe ). The first and second terms on the right hand side of (1) are the sheath dissipation and the interchange forcing. The effects of finite ion temperatures are also called finite Lamor radius (FLR) effects as the thermal ion gyroradius is given by ρ i = √ τ i ρ s [13] . Both contributions ∇ 2 ⊥φ and τ i ∇ 2 ⊥p e to the vorticity are taken into account. By applying dimensional analysis (d/dt → iω b = iv b /δ b ) with the blob correspondence principle [6, 19] the linear instability of these fluid equations is related to the radial blob velocity and scale size by
L where ω b is the characteristic blob frequency, k ⊥ and k its perpendicular and parallel wavenumber, respectively. The radial velocity is given by the E × B drift, henceφ = −i(δ b v b )/(ρ s c s ). After completing the square and matching real and imaginary parts the blob velocity is given by [18] 
where
is the effective gravity due the interchange forcing and
The balance between the two terms gives the boundary
above which sheath effects become important. Blobs smaller than (δ b /ρ s ) 4 < τ i (L /ρ s )p e are in the ion pressure dominated resistive ballooning (iRB) inertial regime which can be also obtained by considering the following limit case. For moderate to high τ i and/or strong pressure fluctuations which seem certainly justified for a blob, the ion flow stream function is determined by the ion pressure contribution W = φ + τ i p e ≈ τ i p e and a scaling law for blob propagation can be derived [18] 
which scales with the square of the blob size in contrast to the standard scalings [20, 21] . If the sheath dissipation is stronger than the ion diamagnetic contribution to the polarization, then
2 . There are two subregimes of the sheath affected regime. The boundary is given by |g| = |f | or
Commonly this boundary is identified with the typical blob size, where here an additional factor of 5 8(1 + τ i ) (between 1.5 for τ i = 1 and 2.4 for τ i = 10) compared to standard blob size given by [19] 
is obtained. Recent investigations in ALCATOR C-Mod show that the typical blob size is displaced by this factor [22] . For |g| ≫ |f |, which holds for large blobs (
, besides a factor of (1 + τ i )/2, the resistive ballooning (RB) inertial scaling [21] is obtained
The factor of √ 1 + τ i is consistent with recent numerical investigations [13] . Larger blobs will follow the Krasheninnikov scaling [20] 
beside the additional drive by the factor of (1 + τ i )/2. This regime will be called the sheath connected (SC) regime, here. Therefore under consideration of sheath dissipation we observe three regimes: the sheath noneffected iRB (6), the interchange dominated conventional RB regime (9) and the sheath connected (SC) regime (10). So far a few studies of the effects of finite ion temperature on the blob dynamics have been carried out [12, 13, 15] . Mainly the dynamics of seeded blobs have been studied, where the blob parameters (for example size, shape, amplitude) are predefined. We shortly summarize the results: As the ion pressure adds to the electron pressure of the interchange drive, which is responsible for charge separation, propagation and therefore for the transport capabilities of the blobs, blobs become faster [13] . Ion temperature induces polarization currents and thus adds to the vorticity. The dipolar vortex induced by the interchange drive is due to the ion pressure. This dipolar perturbation adds to the blob pressure inducing an asymmetry in poloidal direction, a feature also seen in simulations [12, 15] . Due to the asymmetry additional dipoles may form [15] . As the interchange drive will be stronger at the steeper flank this part of the blob will move faster resulting in a tilt of the blob. Due to this tilt the blob velocity is no longer just in the radial direction and a large fraction of the blob velocity may be in the poloidal direction. Also this has been seen in simulations [12, 13, 15] .
We choose a different approach, where blobs are generated self-consistently and are not seeded. Such a simulation is provided by the three-dimensional gyrofluid electromagnetic turbulence model GEMR [23] used here. Within this framework, experimental and modeling results have already been compared with reasonably good agreement [8, 24, 25] . A circular plasma cross-section with toroidal axisymmetry is assumed. The coordinate system is aligned with the equilibrium magnetic field. The set of grid points with constant parallel coordinate represents the drift plane, which is perpendicular to the magnetic field. The open field lines corresponding to the SOL are implemented by the boundary conditions via a perturbed Debye sheath current [26] . The actual boundary conditions used in the simulation, which include the temperature dynamics, can be found in Ref. [27] . As GEMR is a 3D code no parallel closure is preassigned.
Although being δ-f limited code the gradients evolve freely, as required by the strength of fluctuating dynamics in this plasma region. The profiles are included in the dependent variables also in the polarization, therefore GEMR is a global model. Details on the self-consistent treatment of the profiles and MHD equilibrium can be found in Ref. [23] . However, the deviation from the preset background values has to be small. The main consequence for the presented simulation is that the gradient lengths in the confined region and the SOL cannot differ strongly. Therefore, realistic gradients in the confined region lead to stronger gradients as well to higher background values in the SOL. Therefore in the present implementation GEMR is restricted to near SOL physics, when including realistic gradients in the confined region. Recently a full-f gyrofluid model has been developed [28] and a first investigation of seeded blob simulation comparing global and local simulations show higher blob amplitudes in the global simulations [29] .
By an object recognition technique [30] blobs events are tracked over several images. The radial velocity of the trajectory is the blob velocity. The blob size is the diameter of a circle of the corresponding blob area, which is not circular in general. In this presentation, blob size and velocity of these trajectories are shown from the region from 1 cm to 2 cm outside the LCFS. The local plasma parameters are ρ s ≈ 3.5 · 10 −4 m and c s ≈ 43 km/s, the connection length is about L ≈ 15 m. For better comparison with the experiment the blob-averaged fluctuation level of the density (of aboutñ e / n (τ i = 0.1) = 0.22 andñ e / n = 0.48) is taken as the blob amplitude. The normalization is done with the local background density n (r) as typically done in the experiments not with one density n 0 for all radial positions as typically done in the simulations. Taking n 0 as the LCFS value, local large fluctuations can be still small in the simulatioñ n e /n 0 <ñ e / n as n 0 > n (r). The blob amplitudes strongly exceeding the total fluctuation level of about n e / n = 0.022. For both the cold ion ( Fig. 1 ) and warm ion (Fig. 2) case, the simulated blob size-velocity distribution is within the limits, shown by the dotted (iRB), dashed-dotted (RB)and dotted (SC) lines. For cold ions the predicted blob size-velocity dependence agrees very well with the simulated distribution. As the ion to electron ratio increases the density gradient in the SOL becomes flatter. We observe less but larger and faster blobs (Fig. 2) . As finite ion temperature effects become important the blob size distribution changes from positive skewed to negative skewed and a bimodal velocity distribution develops. In the simulation the mean blob size changes from δ b /ρ s (τ i = 0.1) ≈ 10 to δ b /ρ s (τ i = 3) ≈ 18, where the cold ion model (8) predicts δ b /ρ s ≈ 18 for τ i = 0.1 and δ b /ρ s ≈ 21 for τ i = 3. The changes are mainly due to changes in the blob amplitudes. The warm ion predicts blobs appearing in the RB inertial regime [18] . This is between the maximum growth rate given by γ b = v b /δ b [18] (which is δ b /ρ s (τ i = 0.1) ≈ 4 and δ b /ρ s (τ i = 3) ≈ 14) and the boundary to the SC regime given by Eq. (7) (which is δ b /ρ s (τ i = 0.1) ≈ 27 and δ b /ρ s (τ i = 3) ≈ 41, respectively). The present simulations are in the inertial RB regime. For finite ion temperatures the blob size distribution is limited to a very narrow region of only a few ρ s . This feature is often observed in the experiments [22] and is a further indication that finite ion temperature effects play a significant role in the blob dynamics of high temperature fusion experiments.
Previously, GEMR simulations have been carried out in comparison to Alcator C-Mod, which also did not show any magnetic field dependence in the simulation or the experiments [24] . Blob velocities and sizes have been measured in low density L-mode discharges in ASDEX Upgrade (AUG) using lithium beam emission spectroscopy (Li-BES) [31] and in L-and H-mode with gas-puff imaging (GPI) [32] . The Li-BES measurements were done for a wide range of B in order to investigate the ρ s dependence. The Li-BES signal is dominantly sensitive to the electron density. The GPI can measure the spatio-temporal behavior in more detail compared to the Li-BES with the penalty that the intensity depends on a combination of density and temperature. The results from the LiBES analysis are presented from around ρ pol = 1.044. The maximum intensity of the gas puff was located close to ρ pol = 1.065. The experimental results are from the far SOL. The electron temperature was measured using Thomson scattering yielding for all discharges values in the range of T e = 12 ± 8 eV at the normalized poloidal flux coordinate position chosen as reference for the analysis of the Li-BES data [31] . Due to the lack of T e profiles from probe measurements, T e had to be assumed for the comparison of the GPI data with the analytical model. Here, in L-mode T e = 15 ± 5 eV and T e = 20 ± 5 eV in H-mode has been assumed [32] .
To determine the blob size with Li-BES the radial HWHM of the density perturbations is taken for the blob size. Due to the finite lifetime of the Li 2p state the blobs appear to be smeared out in the emission response [33] . For the detailed translation to the actual blob size we refer to Ref. [31] . We compare the cold ion case (τ i = 0) to the case with τ i = 3, which agrees with previous measurements in AUG [8] and simple theoretically considerations [11] . Assuming τ i = 3 the warm ion scaling predicts the blob size (Fig. 3a) very well. From the GPI the blob size δ b is determined by the poloidal semi axis of a fitted ellipse. It is also the poloidal size, which accelerates the blob. The GPI measurements show a better accordance with respect to the cold-ion approximation (Fig. 4a) . For the Li-BES data the radial velocity is calculated after conditionally averaging, where the mean and maximum radial velocities are shown in Fig. 3b . As shown in Fig. 3b the velocity decreases with increasing blob size indicating the sheath connected regime. The absolute values from the scaling formula agree well with the measured mean velocities for larger blob sizes (δ b /ρ s > 50). The measured maximum velocities generally exceed the cold ion sheath-connected scaling velocities especially for large blob sizes. For smallest blob sizes (δ b /ρ s ≈ 30), however, the scaling agrees well with the maximum velocities. Since the scaling formulas should be related to the maximum velocities rather than to the mean velocities as explained in [34] , the better agreement of the warm ion case with the measurements points again to a possible influence of finite ion temperatures on the blob dynamics. Similar to the treatment of the simulated data an object recognition method has been used for the GPI data, where the blobs are tracked over several images and their radial velocity is estimated by their trajectories. In both, the Li-BES and GPI the measured velocities are substantially smaller compared to the model predictions (Figs. 3b and 4b) . Concerning the effect of uncertainties on the predictions by the model, the multiple dependence on the electron temperature (c s , ρ s , τ i ) is most challenging.
Changing the toroidal magnetic field does not reveal any dependence on the blob size or velocity in the analysis of the Li-BES data, which is in contradiction to the explicit dependence in the model. Also a strong increase in the radial velocity from L-to inter-ELM H-mode is expected due to the increase in the electron temperature and therefore ρ s . This is also not observed in the GPI data.
III. TRANSITION TO OTHER REGIMES
With increasing background density a transition in SOL transport can occur, manifesting itself in the development of a shoulder in the radial density profile. As proposed by Myra et al. [35] recent experiments in AS-DEX shows that this transition occurs when the collisionality Λ = (ν ei L )/(ω ce ρ s ) > 1 [36] . Here ω ce is the electron cyclotron frequency and ν ei is the electron-ion collisionality. As collisions become dominant the divertor begins to detach and an increase in both blob size and velocity is observed [36] . The dissipation mechanism does not modify the inertial regime, but in the collisional dominated regime (Λ > 1)the boundary between inertial and dissipative regime changes to [18] which can be used to determine the blob size, which increases with Λ. Blobs larger than this limit, are in the collisional dissipative regime, where they fulfill the scaling [18] 
also increasing with Λ. Blob sizes and collisionalities have been estimated from the midplane values of the experiments in Ref. [36] . Figure 5 shows a trace of the parameters with increasing density. A transition from the sheath-connected to the electromagnetic regime is indicated. The electromagnetic regime is valid in finite beta turbulence (β > m e /m i ), for blobs exceeding the velocity of (v b /c s ) > (Rρ s )/(2βL 2 ) with a size above (δ b /ρ s ) > 2ΛL /R. As the electromagnetic terms dominate the dissipative terms the electromagnetic regime represents an inertial regime with stronger effective gravity due the electromagnetic effects [18] 
, with β = (c s /v A ) 2 and v A the Alfvén speed. Therefore the large blob sizes observed in the experiments at high background densities and collisionalities [36] indicate that electromagnetic effects may be important for the SOL dynamics in this regime.
IV. SUMMARY AND CONCLUSION
In response to measurements in ASDEX Upgrade, which revealed ion temperatures close to the limiters of up to 100 eV [8] , an analytic model including finite ion temperature effects has been developed [18] . This has been compared in detail with experiments in ASDEX Upgrade [31, 32] and GEMR simulations.
A direct comparison of the simulation and the experiment is difficult as the experiments have been carried out in the far SOL and the simulation in the near SOL. However, both can be compared to the analytical model. By including the ion diamagnetic contribution to the polarization, increased interchange forcing and sheath dissipation Eq. (2) presents a suitable boundary condition for the blob velocity in dependence of its size, self-consistently simulated for near SOL conditions with GEMR. The simulated data appears to be in the resistive ballooning (RB) inertial range. The analytical model can reflect the changes in the simulation varying the ion to electron temperature ratio.
The experiments in ASDEX Upgrade carried out with Li-BES and GPI show the same trends: (i) The predicted blob size agrees very well taking finite ion temperatures into account. This is remarkable since rough approximations entered into the derivation of the scaling laws, and it shows the ability of the scalings to reasonably estimate the blob size.
(ii) On the other hand the velocity is overestimated. The inertial scaling appears to be an upper boundary for the radial velocity. Deviation from a pure interchange crossphase between radial velocity and pressure fluctuations naturally develops in the experiments and simulations, which reduces the radial velocity of the blobs compared to the model predictions. A better agreement can be achieved by including the cross-phase v b → v b sin(αφ ,pe ) (with cross-phase αφ ,pe between potential and pressure fluctuations) as it has been shown in Ref. [5] . (iii) The explicit ρ s dependence of the model does not apply to experiments nor GEMR simulations.
According to the presented analytical model, electromagnetic terms may become dominant after the transition at high densities [36] . The here presented simplified analytical model does not take into account the real geometry of the divertor. Near the density limit at high collisionalities the large increase in perpendicular transport as observed in Ref. [36] can lead to a thermal collapse of the SOL as predicted in the resistive X-point regime [37, 38] . In the next step heuristic X-point boundary conditions [39] can be used to include divertor leg instabilities [39] and resistive X-point modes [39] . As the transition at high collisionalities is accompanied by detachment parallel losses by atomic processes as ionization and recombination should be taken additionally into account.
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